sets in below 5 and 3 K, respectively. Both sulfides show metamagnetic or spin-flip transitions in the magnetization curves at 3 K (2 K) with full saturation of the europium magnetic moments at 3 K (2 K) and 80 kOe. 151 Eu Möss-bauer spectra fully confirm the Eu 2+ and Eu 3+ site occupancies. At 4.2 K an increase in line width indicates small hyperfine fields at the europium nuclei.
Introduction
Six ternary europium thiostannates have been described in the literature. Their crystal structures are mostly characterized by arrangements of isolated or connected tetrahedral SnS 4 anions, separated and charge-balanced by europium cations. Compounds with truly divalent europium are Eu 3 Sn 2 S 7 [1] , Eu 2 SnS 4 [2] and also Eu 2 SnS 5 , which was erroneously assumed to be isotypic to Sm 2 SnS 5 with Eu 3+ [3] . Magnetic measurements of Eu 2 SnS 5 indicated the presence of Eu 2+ [4] , which has been confirmed later by the correct crystal structure which contains S 2− 3 triangular units [5] . Eu 4 Sn 2 S 9 appears to exhibit dynamic Eu 2+/3+ mixed valence [3] , however, this has never been confirmed by 151 Eu-Mössbauer spectroscopic or magnetic data. The structural data available for Eu 4 Sn 2 S 9 and our results on Sr 4 Sn 2 S 9 [5, 6] 0932-0776 / 07 / 0100-0005 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com strongly suggest that both compounds are isotypic and that Eu 4 Sn 2 S 9 contains divalent europium exclusively. Recently, the quaternary compounds Eu 2 Sm 2 Sn 2 S 9 and Eu 3 Gd 2 Sn 2 S 9 have been reported to be isotypic to Eu 4 Sn 2 S 9 [7] , but no structural data have been published.
Thus, to date no thiostannate with solely trivalent europium is known. The only compound probably containing static mixed-valence europium on five crystallographically independent Eu sites is Eu 5 Sn 3 S 12 [8] . Eu 5 Sn 3 S 12 is also the only europium thiostannate with tin in five-and six-fold sulfur coordination, in contrast to the usual SnS 4 tetrahedra. First magnetic measurements [9] [10] and X-RED [11] software was used for data collection and processing. Analytical absorption corrections were performed using crystal shapes obtained by the FACEIT [12] video system and optimized by the X-SHAPE [13] software.
Refinements of the single crystal data converged rapidly by using the data given in ref. [8] non-centrosymmetric space group required no refinements with regard to inversion twin domains. Crystallographic data and experimental details of the data collections are listed in Table 1 , final atomic positions and equivalent displacement parameters in Table 2 . Selected interatomic distances are given in Table 3 
Physical property measurements
The dc magnetization measurements were carried out using the ACMS option of the QD-PPMS. The samples were enclosed in gelatin capsules and attached to the sample rod assembly. Samples were cooled to the lowest attainable temperature (2 K) in zero field. The susceptibility, χ(T ), was measured while warming the samples in the applied field.
The 21.53 keV transition of 151 Eu with an activity of 130 MBq (2 % of the total activity of a 151 Sm : EuF 3 source) and a Ca 119m SnO 3 source were used for the Möss-bauer spectroscopic experiments which were conducted in the usual transmission geometry. The measurements were performed with a commercial helium bath cryostat. The temperature of the absorber was varied between 4.2 K and r. t., while the source was kept at r. t.. The sample was placed in a thin-walled PVC container with at a thickness corresponding to about 10 mg Sn cm −2 and Eu cm −2 , respectively. For the 119m Sn measurements, a palladium foil of 0.05 mm thickness was used to reduce the tin K X-rays concurrently emitted by the source. The material for the Mössbauer spectroscopic measurements and the magnetic investigations was taken from the same batch.
Results and Discussion

Crystal chemistry
The crystal structure of Eu 5 Sn 3 S 12 is shown in Fig. 1 [2] , but remain in the range of the sum of the covalent radii of 2.44Å [15] . The small elongation is surely a consequence of the higher coordination number, so we can assume tin as Sn 4+ from the viewpoint of the Sn-S bond lengths. Eu 5 Sn 3 S 12 contains five crystallographically different Eu positions with m.. site symmetry. Seven or eight sulfur atoms surround the europium atoms forming trigonal prisms with one or two square faces capped by additional sulfur atoms. Fig. 3 shows the five similar coordination polyhedra. Altogether the Eu-S distances cover a wide range from 2.790 to 3.386Å. An assignment of the europium valences seems straight- forward as already proposed by Jaulmes and JulienPouzol [8] . Eu1, Eu3 and Eu4 have eight neighbors with average Eu-S bond lengths of 3.090, 3.039 and 3.046Å, respectively, and no distance shorter than 2.961Å. In contrast, Eu2 has only seven neighbors, the mean Eu-S distance is 2.805Å and no bond is longer than 2.823Å. Eu5 seems to be somewhat intermediate, a phenomenon not noticed by Jaulmes and JulienPouzol [8] . Eight sulfur atoms surround Eu5 with Eu-S distances up to 3.174, similar to Eu3 or Eu4. But the six sulfur atoms forming the trigonal prism are only 2.864 or 2.860Å away, as depicted in Fig. 3 . This results in an average distance of 2.926Å, which is halfway between that of the Eu1, Eu3, Eu4 (∼ 3.05Å) and the Eu2 sites (2.805Å). From this bond length consideration we can reliably assign the sites Eu1, Eu3 and Eu4 to divalent europium, and Eu2 to trivalent. The Eu5 position is not that clear, however, trivalent europium on this site seems more probable due to the short nearest neighbor distances and also because of a charge balanced formula according to Eu In a next step we tried to substitute the Eu 3+ sites by another trivalent rare earth ion. We chose lutetium due to the similar ionic radii of Lu 3+ and Eu 3+ and also because of the nonmagnetic f 14 shell of Lu 3+ .
Furthermore it is possible to distinguish europium and lutetium in the single crystal X-ray experiment. Magnetic properties Fig. 4 shows the dc susceptibility (χ) and inverse susceptibility (χ −1 ) of Eu 5 Sn 3 S 12 measured under a field of 5 kOe. The susceptibility increases with decreasing temperature in the entire temperature range without any signs of magnetic ordering at the lowest temperatures. There is a small anomaly at 65 -85 K, which coincides with the ferromagnetic ordering of EuO indicating a trace amount of impurity. We could not detect any other impurity affecting the magnetic properties of the parent compound. χ(T ) follows the Curie-Weiss law above 100 K. The paramagnetic Curie temperature (θ p ) derived from the linear region of the χ −1 vs. T plot at high temperatures is close to zero (0.02 K), with an effective Bohr magneton number of 14.6(1) µ B /f.u. According to an ionic formula splitting Eu 12 , three of the five europium atoms carry a nonzero magnetic moment. Thus, the experimentally observed moment is close to the theoretical value of √ 3 × 7.94 = 13.75 µ B /f.u. [16] . The low field susceptibility, measured at 100 Oe in zero field (ZFC) and field cooled (FC) states of the sample, is shown as an insert in Fig. 4 . There is no bifurcation of the ZFC-FC curves, but a peak around 4 K is clearly seen in both states, indicating antiferromagnetic ordering. The susceptibility measurements already establish a field induced change in the magnetic structure at temperatures below 5 K. In order to probe this behavior in detail, we measured the isothermal magnetization M(H) at several temperatures. In Fig. 5 , we have plotted M(H) for Eu 5 Sn 3 S 12 measured at T = 3, 10, 30, 100 and 300 K and up to 80 kOe. There is a clear change in the magnetism of this compound, as one moves from high to low temperatures. M(H) measured at 3 K exhibits a metamagnetic or spin-flip transition around 10 kOe and saturates at fields above 30 kOe. The saturation moment at 80 kOe, assuming three Eu 2+ , is about 7 µ B , close to the expected value for Eu 2+ . It should also be noted that at low fields (< 10 kOe) M(H), there is a small loop in the increasing and decreasing cycles of the ramping field. There is a drastic change in the magnetism of this compound as one moves from 3 to 10 K. The M(H) at 10 K increases with field, but does not exhibit any step or hysteresis. The curve is continuously changing without any signs of saturation up to 80 kOe. M(H) at 30 K is similar to the 10 K pattern in terms of the curvature. The curve is not linear up to high fields, as if the magnetic interactions were persistent up to such a high temperature, even though antiferromagnetic ordering (from low field susceptibility) was observed at 4 K. The high temperature M(H) curves measured at T = 100 and 300 K are linear with field as expected for the paramagnetic state. In Fig. 6 , we show the dc susceptibility for Eu 4 LuSn 3 S 12 measured in a field of 10 kOe. As can be seen from the plot of χ(T ), there is no clear magnetic ordering (peak in χ) down to 2 K, however, the flat region below 4 K in the inverse susceptibility (χ −1 ) indicates subtle changes in the magnetism. From the Curie-Weiss fitting in the linear region of χ −1 at high temperatures (> 100 K), the values of θ p and µ eff are −3.2 K and 14.1(1) µ B /f.u. respectively, similar to Eu 5 Sn 3 S 12 . The value of µ eff reveals that Lu 3+ replaces one Eu 3+ , leaving the Eu 2+ ions undisturbed. In the insert of Fig. 6 , we have also plotted the low field susceptibility of Eu 4 LuSn 3 S 12 measured in the ZFC-FC states. χ(T ) measured under a 100 Oe field shows no bifurcation in the ZFC-FC curves. The isothermal magnetization of Eu 4 LuSn 3 S 12 measured at 2 K is plotted in Fig. 7 . Similar to the parent compound, Eu 4 LuSn 3 S 12 also exhibits a metamagnetic or spin-flip transition around 10 kOe, and saturates at higher fields. The saturation moment is also of the same value, ∼ 7 µ B /Eu. The M(H) loop is hysteretic between 0 and 10 kOe and again between 10 and 50 kOe. The M(H) curve at 2 K and low field susceptibility indicates a subtle change in magnetism of this compound below 4 K, which is ( Fig. 9 ). Because one of the trivalent europium sites is now occupied by lutetium, the portion of divalent europium is higher in this compound. Table 5 . The isomer shifts are similar for both compounds over the whole temperature range. They compare well with the isomer shift of 1.3 mm/s for SnS 2 and 1.15 mm/s for the tetravalent tin site in Sn 2 S 3 [17] . Due to the non-cubic site symmetry, the tin spectra are subject to weak quadrupole splitting. At 4.2 K the line width of both sulfides slightly increases, most likely due to very small transferred magnetic hyperfine fields. At 78 and 4.2 K, the 119 Sn Mössbauer spectra of Eu 4 LuSn 3 S 12 revealed a small additional signal around δ = 3.5 mm/s, most likely due to a trace amount of a SnS impurity (δ = 3.4 mm/s [2] ).
